and experience to accurately correlate the sacral osseous landmarks with their corresponding fluoroscopic images and find a secure screw corridor using rotating inlet, outlet, and lateral fluoroscopic views, [4] because incorrect placement of SI screws may result in implant-related and neurovascular complications. [5] [6] [7] Statistically, the rates for malposition of the screw under fluoroscopic guidance have been reported to range from 2% to 15%, [8, 9] with an incidence of neurologic injury between 0.5% and 7.7%. [9] Given this, fluoroscopy and computer-assisted techniques have been widely used to achieve an accurate screw placement. Currently, the conventional freehand fluoroscopy technique is very common for intraoperative visualization realized via image intensifier, which is possible in only one plane at a time, meanwhile requiring complex hand-eye coordination. [10] [11] [12] As such, it is a highly demanding and challenging operative technique. Recently, computer-assisted orthopedic surgery, which potentially increases the accuracy and efficiency of percutaneous targeting, has utilized image navigation systems and purpose-built robots. The two-dimensional (2D) or 3D-fluoroscopy-based navigation system makes it possible for simultaneous representation in up to four planes, which means a substantial improvement for the operator. [13, 14] Moreover, this advantage reduces the time of repeated C-arm movements during surgery and optimizes precise and simultaneous visualization of the surgical instruments in relation to the patient's anatomy in all the desired image planes. However, navigation does not solve the problem of precise manipulation of guide wire insertion and calculate the screw trajectory, which can be expediently alternated with a robot application. Robot-assisted orthopedic surgery is believed to potentially improve the precision of implant placement and decrease radiation and operative time. Several manufacturers research and produce hardware and software products for orthopedic surgery. [15] Notably, TiRobot™ is an orthopedic surgery robot which can be used for implantation of SI screws, especially useful in SI screw fixation for unstable pelvic injury. The method, studied in cadaver and cohort studies, has shown a high accuracy. To date, there has been no report describing a direct comparison of robot assistance with the freehand technique. This study is designed to evaluate the accuracy of robot-assisted placement of SI screws in comparison with the freehand conventional technique.
mEThodS

Ethical approval
The ethics committee of Beijing Jishuitan Hospital Ethics Committee approved the present clinical study (No. 20150504). All patients gave written informed consent before the study.
Patient selection
All the thirty patients received treatment in the Department of Orthopedic Trauma at Beijing Jishuitan Hospital between January 2016 and June 2016. They were all polytrauma patients having fallen from a height of more than 2 m (9 patients) or injured because of a motor vehicle accident (21 patients) and classified according to Tile criteria. A multidisciplinary team of professionals made the diagnosis. Each patient included in this study had to fulfill the following criteria: (1) aged older than 18 years, (2) indication for posterior pelvic ring stabilization using SI screws, and (3) informed consent to participate in the study. Patients were randomized to conventional fluoroscopy-assisted freehand SI screw placement or robot-assisted SI screw placement in a 1:1 ratio (ClinicalTrials.gov identifier: NCT02890043).
Three experienced trauma orthopedic surgeons familiar with both techniques, that is, conventional freehand SI screw implantation and the robot-assisted implantation, performed the surgical procedures in equal proportions.
Study design
Based on random, open, parallel-controlled design, this study adopted an electronic interactive web response system for central randomization to separate the participants into a robot-assisted group and a freehand group. The robot-assisted group received the robot-assisted implantation of SI screws in comparison with the freehand group using freehand conventional technique. The surgical record covered the duration of surgeries and planning, radiation exposure, number of guide wire attempts, and other indicators. Another experienced surgeon, who did not attend this study, carried out the review process, based on the screw's position in the image after the surgery. The statistical calculation was run based on these indicators to analyze the strengths of robot-assisted and freehand conventional surgeries.
Conventional freehand sacroiliac screw implantation
For conventional freehand SI pedicle screw implantation, inlet, outlet, and lateral fluoroscopic views were used during the procedure. The upper posterior quadrant, forming an intersection between a line parallel to the femoral diaphysis and another line perpendicular to the anterior superior iliac spine, was the site of insertion. Under imaging control, a guide wire was passed from the lateral edge of the ilium, perpendicular to the SI joint toward the body of the first sacral vertebra. Lateral views of the sacrum were taken to confirm the correct positioning of the guide wire within the safe zone, avoiding the placement of an "in-out-in" screw, as described by Routt et al. [2] A 7.0-mm cannulated screw was then inserted and directed perpendicularly to the SI articulation while chondral surfaces were avoided. Following placement of the first screw, a second screw was used as necessary.
Robot component
Orthopedic surgery robot, TiRobot™ (TINAVI Medical Technologies Co., Ltd., Beijing, China), consists of a robot arm, an optical tracking device, a surgical planning and controlling workstation, and surgical instruments [ Figure 1 ].
The robot arm is an actuator for trajectory positioning in this system with 6 degrees-of-freedom. The optical tracking device is a binocular camera based on infrared light, whose positioning error is <0.3 mm. The robot tracker and the patient tracker with reflection balls are fixed. The optical tracking device locates the spatial position of the robot arm and the patient through the robot tracker and patient tracker correspondingly. The calibrator is used for acquiring mapping relation between the imaging space and the surgical space through fluoroscopic images' matching coordinates in the calibrator images. The planning and controlling workstation is used for image processing, trajectory planning, coordinate calculating, data saving, and controlling robot arm movements.
Robot-assisted operation principles
The robot-assisted surgical system has two major designs: (1) spatial guidance: to obtain the spatial coordinates of the planned surgical trajectory, (2) trajectory positioning: to control the movement of the robot according to the spatial coordinates of the planned trajectory and move the cannula system to the surgical position.
The system collects two fluoroscopic images using C-arm in different directions during the surgery for screw trajectory planning and spatial positioning. The imaging principle of C-arm conforms to the imaging principle of a pinhole camera, to acquire the spatial location of the surgical trajectory through a biplane localization algorithm. In controlling the movement of each joint of the robot arm, the sleeve fixed at the distal end of the robot arm will move exactly in reference to the planned trajectory. Firmly holding the sleeve, the operator can place guide wires along the sleeve, after which the cannulated screws can be inserted.
Robot-assisted sacroiliac screw implantation
Possessing the only registered license from the Food-Drug Administration in China, TiRobot™ has been certified for use in orthopedic surgery, including SI screw implantation. At the beginning of the surgical procedure, the patient was prepared through positioning, sterilizing, and draping. The patient tracker was fixed on the contralateral anterior superior iliac spine of the surgical side and a C-arm was placed on the same side of the patient. All parts of the robot were placed on the distal side of the patient, while the robot tracker and calibrator were assembled at the distal end of the robot arm. After the calibrator was fixed, pelvic inlet, outlet, and lateral intraoperative fluoroscopic images were taken. The fluoroscopic images were automatically imported into the planning and controlling workstation. Based on these fluoroscopic images, the surgeon planned the surgical trajectory for SI screw insertion and generated spatial positioning orders for the robot arm. The arm was moved automatically according to orders from the surgical planning and controlling workstation and completed the surgical trajectory positioning.
During the positioning process, the surgeon controlled accuracy through adjusting the screw trajectory on the fluoroscopic image, as necessary. When the positioning accuracy was <1.00 mm, the guide wire was placed into the sleeve. The instrumentation was then concluded through implantation and fixation of the SI screw over the guide wire without the assistance of the robot. Following the implantation, the surgeon verified accuracy through a comparison between the inserted screw's position and the intraoperative planned screw's position through fluoroscopy.
Study parameters
The primary end point of the study was the position of the SI screws, assessed using a postoperative computed tomography (CT) scan. Experts not involved in the treatment evaluated all cases, using a double-blind method. According to Gras et al., [16] the evaluation criteria of screw placement can be set as follows: excellent, entirely within the cortical margins of the sacrum with no contact to any cortical border of the sacrum; good, partially contact the cortical bone without piercing, and; poor, penetrating the cortical bone. The quality rating of screw placement in this study was evaluated using this system. Main components of TiRobot™: a robot arm, an optical tracking device, a surgical planning and controlling workstation, and some surgical instruments (a); surgical instruments: robot arm is isolated by the sterile cover, and robot tracker and patient tracker are fixed, respectively, at the distal end of the robot arm and on the patient, guider attaches to the robot arm and firmly holds the sleeve; the sleeve can slide along the guider and invade patient (b). The number of guide wire attempts in the robot-assisted group was significantly less than that in the freehand group.
The robot-assisted group required additional planning for fluoroscopic radiography, which was not necessary for the freehand group. Nevertheless, after pelvic reduction, the median time of intraoperative radiation needed was 6.0 (6.0, 9.0) s in the robot-assisted group and 36.0 (21.5, 48.0) s in the freehand group (χ 2 = 13.590, P < 0.001). This suggested that the differences between the two groups had statistical significance. The intraoperative fluoroscopy time required for the robot-assisted group was significantly shorter than that of the freehand group.
There were no differences in the instrumented iliosacral levels between the two groups, which were from S1 to S2 [ χ 2 = 4.760, P = 0.093; Table 2 ].
Screw positions, according to the classifications used by Gras and Marintschev, are summarized in Table 3 . Of 45 implanted screws, 22 were implanted in patients from the freehand group and 23 were implanted in patients from the robot-assisted group. There were no postoperative complications including nerve palsy and revisions in the two groups. The excellent and good rate of screw placement in the robot-assisted group was 100% and higher than 95% in the freehand group. Furthermore, P = 0.009, based on comparisons between the screw distributions in the two groups, which meant that the screw distribution of the robot-assisted group was better than that of the freehand group.
Illustrative clinical case 1
A 33-year-old male patient sustained pelvic fractures in a car accident. The preoperative X-ray film and CT scan showed a C3-type injury involving sacral fractures combined with separation of the SI joint [ Figure 2 ]. The patient was treated with SI screw fixation using TiRobot™ [ Figure 3 ]. Different from conventional freehand technique, the workstation of the robot can plan and calculate the surgical trajectory of the SI screw. To
As secondary end points, the duration of trajectory planning, the duration of surgery after reduction of the pelvis, the insertion time of the guide wire during surgery (if the number of implant screws was greater than one in one case, the mean value was calculated), the number of guide wire attempts made during surgery (if the number of implant screws was greater than one in one case, the mean value was calculated), and the radiation exposure after pelvic reduction were assessed.
Furthermore, patients' sex, age, levels of instrumentation, and number of instrumented levels were acquired. 
Statistical analysis
rESulTS
In the study, thirty patients were included and randomized in a 1:1 ratio for conventional freehand or robot-assisted SI screw implantation. Patient data are summarized in Table 1 . In brief, there were no significant differences The median duration of intraoperative planning of screw trajectories using TiRobot™ software was 7.8 min for robot-assisted group, whereas no planning time was necessary for the freehand group. Surprisingly, the median operation time from the end of pelvic reduction to the end of the operation was not different between the freehand group and the robot-assisted group verify the accuracy of robotic planning intraoperatively, fluoroscopy verification for guide wire insertion was necessary [ Figure 4 ]. Postoperative images showed that the positioning of the S1 and S2 screws had been excellent according to evaluation criterion [ Figure 5 ].
Illustrative clinical case 2
A 24-year-old female patient was admitted for surgery four days after a car accident injury. According to the preoperative examination, there were sacral fractures combined with separation of the SI joint. The operator implanted screws using the freehand technique, but the S1 screw passed in-out-in between the sacrum and the ilium, which was found in the postoperative X-ray image and CT scan [ Figure 6 ]. However, there were no postoperative complications including nerve palsy and revision.
diScuSSion
Over several years, novel medical robotics, as well as computer-assisted surgery equipment and instrumentation, have been continuously introduced into orthopedic surgery rooms throughout the world, but lately their clinical benefits have been strongly challenged. [15, 16] Frequently, considerable financial investment is required to serve a somewhat limited field of applications, such as total joint replacement or spine pedicle screw placement. As a result, the future of these devices is unpredictable. The most common application of computer-assisted orthopedic surgery in trauma is in the placement of iliosacral screws. Pelvic fixation "opportunity tunnels" are narrow and multiplanar images are necessary to avoid damage to vulnerable nearby neurovascular structures, such as the L5 and S1 nerve roost, cauda equina at the level The patient was examined preoperatively by X-ray and computed tomography scan, the result was sacral fractures combined with separation of the sacroiliac joint. of the first sacral vertebra, and the crossing of the femoral vein and artery superior to the superior pubic bone. [17] Pelvic ring injuries that are treated with iliosacral screws, using image-guided navigation, show 96% of well-placed screws in postoperative radiographs and CT scans, [18, 19] but a medical robotic system has not yet been established for percutaneous iliosacral screw placement. In contrast to navigation, robots not only allow the surgeon to know the alignment of the guide wire in real time corresponding to intraoperative fluoroscopy, but also guide or assist the surgeon to perform the operation. Medical robotic systems for orthopedic surgery have been developed, but most studies about robot-assisted iliosacral surgery are based on studies using cadavers. [19, 20] In this prospective study, in terms of a relatively large number of patients, we aimed to determine whether the percutaneous iliosacral screw implantation could be optimized, through evaluating the grade of position and whether the intraoperative radiation exposure could be reduced using a robot-assisted technique. [20] [21] [22] The central finding of this study is that the accuracy of the robot-assisted technique was superior to the conventional freehand technique. Furthermore, intraoperative radiation exposure was reduced with robotic assistance. Surprisingly, the operation time after pelvic reduction was not different between the groups. This finding indicates that the setup of the TiRobot™ navigation system is not cumbersome or tends to take up too much additional time, (usually only 5 min), which we propose is an acceptable amount of time for a new technique. Moreover, the time for guide wire implantation was significantly shorter in the robot-assisted group than in the freehand group, owing to a reduced number of guide wire attempts and an increase in stable, precise manipulation in the robot-assisted group. As proven in the current study, for S1 and S2 instrumentation, robot-assisted navigation can increase the accuracy of the implant position and reduce intraoperative radiation exposure. In addition, the robot-assisted navigation system has the advantages of avoiding: (1) multiple false passages that may be of potential harm to patients (e.g., an error in positioning the sacral passage could result in nerve root damage); (2) multiple drill holes that may lead to screw loosening; and (3) joint penetration through inaccurate measurement and positioning of the implant. Therefore, several aspects may have contributed to the superior results of our study.
The most important safety aspect of TiRobot™ was derived from the electro-optical camera and the robot arm, based on a specific biplane orientation algorithm to realize a high-precision and stable operation. The novel biplane algorithm can calculate the screw trajectory, depending on two intraoperative fluoroscopy images. According to the calculated surgical trajectory, the robot arm moves automatically to the right position and maintains a precise and steady sleeve. During the robot arm movement, the electro-optical navigation system can monitor the sleeve over the planning trajectory in real time. Therefore, an excellent intraosseous screw position was found in most complete cases with TiRobot™ assistance, which is likely due to fluoroscopy-based navigation in combination with the semi-active robot guide. Another safety aspect of using the applicable and modularized design of the robot structure is avoiding complications in the assembly process, which lead to reducing the setup time of the TiRobot™. Generally, it is not necessary to repeatedly verify the surgical trajectory using intraoperative fluoroscopy. The high precision of the specific biplane orientation software, based on two intraoperative fluoroscopy images, could explain the reduction of radiation exposure to the robot-assisted group.
Most studies reporting robot use in pelvic trauma were performed on saw bone or cadaveric bone. That is a different scenario from real life, with no soft-tissue tethers. The safety and accuracy of robot-assisted orthopedic surgery, measured through the number of drilling attempts, screw positioning, and radiation time, have been shown to be superior to conventional techniques. However, there are some disadvantages with the robot-assisted navigation system: (1) the surgeon must be constantly aware of the position of the navigation machine and should avoid the path between the trackers and the detector. Blocking the field of view of these cameras will cause loss of tool reference, which might be frustrating, but is not critical for the operation; (2) inserting trackers in the iliac spine for registration is an extra step that must be undertaken. It carries minimal risk but definite discomfort to the patient. It has to be undertaken so as not to be on the placement site of the implant and also it has to be placed for the navigation machine to detect it at all times; and (3) using a robot-assisted navigation system adds to the cost of the surgery, including the cost of the machine, the cost of the personnel responsible to operate the machine, and the cost of replacing trackers when they have decreased sensitivity. However, the technology may be already implemented in other hospital service lines, such as neurosurgery or arthroplasty, and a transfer to orthopedic use is likely to be less demanding in that case.
There are some limitations to this study. We demonstrate a comparative study between a robot-assisted technique and a conventional freehand technique. However, the required image-aided navigation technique has not been involved in the present study. The second limitation is the lack of long-term functional outcome results. Our study does confirm the superior accuracy and efficiency of the TiRobot™ system in SI screw fixation for unstable pelvic injury, thus warranting future studies to further define its potential clinical role.
